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DUHEHLQJSURGXFHGGXULQJDVKRZHUSURJUHVVLRQGXHWRSKRWRQXFOHDUUHDFWLRQV
6KRZHUVSURGXFHGE\KDGURQVKDYHPRUHFRPSOH[ VWUXFWXUH WKDQHOHFWURQSURGXFHGRQHV:KHQDKLJKHQHUJ\
KDGURQHQWHUVDQXFOHXV LW LQWHUDFWVZLWK LWVQXFOHRQVDQG WUDQVIHUVSDUWRI LWVHQHUJ\ WR WKHP$JUHDWTXDQWLW\RI
QHXWURQVLVSURGXFHGLQLQWHUDFWLRQVRIKLJKHQHUJ\KDGURQVDQGQXFOHLZLWKPHGLXPQXFOHLHVSHFLDOO\ZLWKKHDY\
QXFOHL DORQJZLWK FKDUJHG SDUWLFOHV &RQVLGHULQJ WKH NLQHPDWLFV RI VXFK LQWHUDFWLRQV RQH FDQ VHOHFW WKUHH EDVLF
UHJLRQVRISDUWLFOHVSURGXFWLRQDVD ILUVWDSSUR[LPDWLRQ7KHILUVW UHJLRQ LV UHODWHG WRIUDJPHQWDWLRQRIDQ LQFLGHQW
QXFOHXVZKHQQHXWURQVDUHSURGXFHGLQDQDUURZIRUZDUGFRQHDORQJWKHEHDPZLWKHQHUJLHVFORVHWRWKHHQHUJ\RID
SURMHFWLOH SDUWLFOH ZKLFK LV UHGXFHG E\ RQH QXFOHRQ +HUH WKH HODVWLF DQG TXDVLHODVWLF LQWHUDFWLRQ ZLWK FKDUJH
H[FKDQJH RI LQFLGHQW SURWRQV FDQ EH DWWULEXWHG 7KH VHFRQG UHJLRQ ZKLFK IRUPV KDUG QHXWURQ VSHFWUXP DW ODUJH
DQJOHV LV D UHJLRQ RI LQWHUVHFWLRQ RI FROOLGLQJ QXFOHL ZKLFK LV D ]RQH RI LQWHUDFWLRQ RI QXFOHRQ SDUWLFLSDQWV RI
FROOLVLRQ7DUJHWUHVLGXDOQXFOHXVGHFD\UHVXOWVLQDORZHQHUJ\QHXWURQHPLVVLRQZKLFKLVFORVHWRDQLVRWURSLFRQH
DQGUHSUHVHQWVWKHWKLUGUHJLRQRIQHXWURQSURGXFWLRQ>@+DGURQFDVFDGHVSURGXFHVLJQLILFDQWO\PRUHQHXWURQVWKDQ
HOHFWURPDJQHWLFRQHV7KXVLQRUGHUWRVHSDUDWHSURWRQDQGHOHFWURQVKRZHUVLQDFDORULPHWHURQHFDQXVHDQHXWURQ
FRXQW $ QHXWURQ GHWHFWRU 1' VKRXOG EH SODFHG XQGHU D FDORULPHWHU JLYHQ WKDW D SULPDU\ SDUWLFOH HOHFWURQ RU
SURWRQIDOOVYHUWLFDOO\RQDFDORULPHWHUHQWHULQJVXUIDFH
,QRUGHUWRSUHFLVHO\FKDUDFWHUL]HWKHQHXWURQFRPSRQHQWDVVRFLDWHGZLWKWKHGLIIHUHQWW\SHVRIVKRZHUVDGHWDLOHG
0RQWH&DUORVLPXODWLRQKDVEHHQSHUIRUPHGXVLQJWKH)/8.$VLPXODWLRQSDFNDJH7KH&$/(7%*2KRPRJHQHRXV
FDORULPHWHU FRQVLVWLQJ RI D %*2 WRZHU îî FP ZLWK D YHUWLFDO GHSWK RI DSSUR[LPDWHO\ FP KDV EHHQ
VLPXODWHGDVD³WHVWGHWHFWRU´)LJ)RUHDFKVLPXODWHGHYHQWWKHSURGXFHGQHXWURQVKDYHEHHQSURSDJDWHGWLOOWKH\
UHDFKHGWKHRXWVLGHRIWKHFDORULPHWHU7KHHQHUJ\GLUHFWLRQDQGDUULYDOWLPHRIHDFKQHXWURQH[LWLQJWKHFDORULPHWHU
IURPWKHERWWRPVLGHZKHUHWKHPRGHUDWRULVSODFHGZHUHORJJHGIRUIXUWKHUXVH,Q)LJWKHQXPEHURIQHXWURQV
H[LWLQJ IURP WKH FDORULPHWHU LV VKRZQ IRU  7H9 LQWHUDFWLQJ SURWRQV DQG IRU  *H9 HOHFWURQV  7H9 SURWRQ
VKRZHUVJLYHWKHVDPHFDORULPHWULFVLJQDODV*H9HOHFWURQVLQ%*2RQDYHUDJH7KHUHMHFWLRQIDFWRUDFKLHYDEOH
IRUKDGURQLFVKRZHUVFDQEHDVKLJKDVaFRQVLGHULQJWKHQHXWURQFRXQWLQJ7KHEXONRIQHXWURQVRULJLQDWHIURP
WKHH[FLWDWLRQDQGGHH[FLWDWLRQRIQXFOHLDQGH[KLELWDPD[LPXPLQWKH0H9HQHUJ\UHJLRQ)LJ0DQ\QHXWURQV
XQGHUJRPRGHUDWLRQEHIRUHHVFDSLQJDQGWKHLUHQHUJ\LVFRQVHTXHQWO\GHJUDGHGGRZQWRWKHH9HQHUJ\UHJLRQ6RPH
QHXWURQVFDQDOVREHSURGXFHGSURPSWO\LQWKHKDGURQLFLQWHUDFWLRQVDORQJWKHVKRZHUFRUHZLWKDQHQHUJ\UHDFKLQJ
WKDW RI WKH SULPDU\ SURWRQ 7KH KLJKHVW HQHUJ\ QHXWURQV ( ! 0H9 DUULYH VLPXOWDQHRXVO\ ZLWK WKH FKDUJHG
FRPSRQHQWRIWKHVKRZHUZKLOHWKHORZHQHUJ\DQGPRUHDEXQGDQWFRPSRQHQWDUULYHVLQWRWKHQHXWURQGHWHFWRUZLWK
DGHOD\ UDQJLQJ IURP WRQVDQG WKXV FDQEHHDVLO\ LGHQWL¿HG7KH¿JXUH IRU HOHFWURPDJQHWLF VKRZHUV LV
VLPLODUEXWZLWKDPXFKUHGXFHGFRQWULEXWLRQIRUWKHSURPSWQHXWURQHPLVVLRQ>@


)LJ1HXWURQ\LHOGRXWVLGHWKH&$/(7FDORULPHWHUIRUD7H9LQWHUDFWLQJSURWRQVDQGE*H9HOHFWURQV>@

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
)LJ(QHUJ\VSHFWUXPRIRXWJRLQJQHXWURQVRXWVLGHWKH&$/(7FDORULPHWHUIRUD7H9LQWHUDFWLQJSURWRQVDQGE*H9HOHFWURQV>@

7KHGHVLJQRIWKHSURWRW\SH1'
6LPXODWLRQPRGHOVRIWKH1')LJDUHFRPSRVHGRIDOWHUQDWLQJOD\HUVRISRO\VW\UHQHSODVWLFVFLQWLOODWRU36
>@DQGȝPWKLFNFDGPLXPOD\HUV7KHHQWHULQJVXUIDFHRIWKH1'KDVGLPHQVLRQVRIîFPDQGWKLFNQHVV
RIFP36ZDVXVHGDVDQHXWURQPRGHUDWRUPHGLXP


)LJ3URWRW\SH1'GHVLJQ&GVKHHWVDUHDUUDQJHGLQDRQHOD\HU36DQGEWKUHHOD\HUV36
1HXWURQVDUHGHWHFWHGE\36OD\HUVEHFDXVHRIWKHQȖUHDFWLRQRIDFDGPLXPQXFOHLJDPPDSDUWLFOHVDUH
SURGXFHG LQ HDFK DFWRI FDSWXUHRQDYHUDJH6XFKSDUWLFOHVKDYHHQHUJLHV UDQJLQJ IURPXS WR0H9)LJ
GHPRQVWUDWHV WKH HQHUJ\ GHSHQGHQFH RI WKH Q Ȗ UHDFWLRQ FURVV VHFWLRQ $V VHHQ WKH UHDFWLRQ FURVV VHFWLRQ LV
VLJQLILFDQWQRWRQO\IRUORZHQHUJ\H9QHXWURQVZKHUHLWUHDFKHVEDUQEXWDOVRIRUWKHHQWLUHLQFLGHQW
QHXWURQIOX[7KXVWKHQȖUHDFWLRQSKRWRQVFDQEHREVHUYHGIURPERWKPRGHUDWHGDQGIDVWQHXWURQV)LJVKRZV
WKHHQHUJ\GLVWULEXWLRQRIQȖSKRWRQV
)LJ VKRZV WKDW WKH VFLQWLOODWRU OLJKW LV JDWKHUHG XVLQJ VSHFWUXP :/6 ILEHUV .XUDUD\ < ZLWK
PPVHFWLRQ)LEHUVDUHJOXHGLQWRJURRYHVRQWKH36VXUIDFHZLWKPPVWHSDQGPPGHSWK>@/LJKWGHWHFWLRQ
LVSHUIRUPHGE\6L30V>@


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
)LJ&GQȖUHDFWLRQFURVVVHFWLRQDVD
IXQFWLRQRIQHXWURQHQHUJ\
)LJ&GQȖUHDFWLRQSKRWRQVHQHUJ\
GLVWULEXWLRQ
)LJ6FLQWLOODWRUOLJKWJDWKHULQJLQWKH36
OD\HUXVLQJ:/6ILEHUV

*($17VLPXODWLRQDQGUHVXOWV
7KHRSWLPDO1'FRQVWUXFWLRQZDVFKRVHQZLWKLQVWUXPHQWDOLW\RIPDWKHPDWLFDOPRGHOLQJXVLQJ*($17,WZDV
DVVXPHGWKDWDQHXWURQLVGHWHFWHGZKHQWKHHQHUJ\ORVVRIWKHHOHFWURQSURGXFHGE\WKHQȖUHDFWLRQSKRWRQLV
ODUJHUWKDQDFHUWDLQWKUHVKROG7KXVWKHWRWDOHQHUJ\ORVVRISURGXFHGHOHFWURQVZDVFDOFXODWHG$SODQHSDUDOOHO
0H9QHXWURQIOX[ZDVRULHQWHGSHUSHQGLFXODUWRWKHGHWHFWRUODUJHVWVXUIDFH7RWDOVWDWLVWLFVRIQHXWURQVUDQJHGIURP
WR*DPPDSDUWLFOHVFRXQWHGDVGHWHFWHGUHJDUGOHVVRIZKLFKFDGPLXPOD\HUSURGXFHGDSKRWRQ7KHHOHFWURQ
HQHUJ\ORVVWKUHVKROGWRGLVFULPLQDWHWKHJDPPDUD\EDFNJURXQGZDVVHWWR0H9
1HXWURQGHWHFWLRQHIILFLHQF\GHSHQGHQFHRQWKHWKLFNQHVVRIWKHFDGPLXPOD\HUVZDVFDOFXODWHGWRGHWHUPLQHWKH
RSWLPDO WKLFNQHVV YDOXH )LJD )LJ VKRZV WKDWZKHQ WKH WKLFNQHVV LQFUHDVHV IURP PP WR PP WKH
HIILFLHQF\LQFUHDVHVE\RQO\7KXVLWRQHFDQFRQFOXGHWKDWWKHFDGPLXPOD\HUWKLFNQHVVLQVXFKUDQJHKDVRQO\
OLWWOHLPSDFWRQWKHGHWHFWLRQHIILFLHQF\
7KHJDPPDUD\GHWHFWLRQHIILFLHQF\LVORZEHFDXVHQXFOHLFRPSRVLQJ36PHGLXPKDYHORZDWRPLFQXPEHU%\
LQFUHDVLQJWKHRYHUDOOWKLFNQHVVDQGDVDFRQVHTXHQFHWKHPDVVRIWKH1'ZHPD\DFKLHYHEHWWHUQHXWURQGHWHFWLRQ
HIILFLHQF\ZLWKWKHFXUUHQW1'GHVLJQ&DOFXODWLRQVZHUHPDGHIRUWKHGLIIHUHQWYDOXHVRIWKH1'WKLFNQHVV)LJ
GHPRQVWUDWHV WKH REWDLQHG UHVXOWV 7KXV WKH LQFUHDVH RI WKH36 WKLFNQHVV XS WR  FP DOVR LQFUHDVHV WKH QHXWURQ
GHWHFWLRQHIILFLHQF\ WR$QRWKHUZD\ WR LQFUHDVH WKHGHWHFWLRQHIILFLHQF\ LV WR ORZHU WKHHQHUJ\ WKUHVKROG IRU
VHFRQGDU\HOHFWURQV WR0H9DQG ORZHU)LJVKRZV WKHHIILFLHQF\RQD WKUHVKROG OHYHO LQ WKHUDQJHRI WR
0H9$VRQHFDQQRWLFHWKHHIILFLHQF\LQFUHDVHVE\DIDFWRURIIRXUZKHQWKHWKUHVKROGGHFUHDVHVE\DIDFWRURI

)LJ'HWHFWLRQHIILFLHQF\DVDIXQFWLRQRI
WKLFNQHVVRIFDGPLXPOD\HU
)LJ'HWHFWLRQHIILFLHQF\DVDIXQFWLRQRI
WKLFNQHVVRIWKH1'
)LJ'HWHFWLRQHIILFLHQF\DVDIXQFWLRQRI
WKHVHFRQGDU\HOHFWURQVHQHUJ\UHOHDVHFXWRII
'HWHFWLRQ HIILFLHQF\ IRU GLIIHUHQW FDGPLXP DUUDQJHPHQWV ZDV DOVR FDOFXODWHG 7KUHH GLIIHUHQW DUUDQJHPHQWV
ZKHUHHDFKRQHRIFDGPLXPOD\HUVDOWHUQDWLQJZLWKRQHWZRRUWKUHH36OD\HUVIRU[FPDQG[FPPRGHOV
ZHUHVLPXODWHG2YHUDOOWKLFNQHVVRIWKHOD\HUVLQHDFKPRGHOZDVHTXDOWRFP
3ORWV RI WKH GHWHFWLRQ HIILFLHQF\ RI WKH FDGPLXP OD\HUV DIWHU  DQG  OD\HUV RI 36 PRGHO GLPHQVLRQV
îFPDUHVKRZQLQ)LJDDQGIRUWKHGLPHQVLRQVRIîFPDUHVKRZQLQ)LJE

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
)LJ'HWHFWLRQHIILFLHQF\DVDIXQFWLRQRIHQHUJ\QHXWURQVî²DIWHUOD\HU36Ƈ²DIWHUOD\HUV36DIRUPRGHOGLPHQVLRQVîFP
DQGEIRUPRGHOGLPHQVLRQVîFP
$V FDQ EH VHHQ WKH GHWHFWLRQ HIILFLHQF\ IRU GLIIHUHQW QXPEHU RI FDGPLXP OD\HUV LV DOPRVW LGHQWLFDO IRU HDFK
PRGHO'HFUHDVLQJRIPRGHOVL]HWZLFHIURPîFPWRîFPGHFUHDVHVWKHRYHUDOOHIILFLHQF\E\

([SHULPHQWDQGGLVFXVVLRQ
7RFRQILUPWKHVLPXODWLRQUHVXOWVDQGWRVWXG\WKH1'SDUDPHWHUVDQH[SHULPHQWVFKHPHZDVGHYHORSHGVKRZQ
LQ)LJ$SXOVHGQHXWURQJHQHUDWRU,1*ZLWKȝVSXOVHZLGWKDQGWKHQHXWURQIOX[RIîVZDVXVHG
LQWKHH[SHULPHQW(QHUJ\RIQHXWURQVHTXDOVWR0H9IRUDGHXWHULXPWDUJHW$SXOVHJHQHUDWRU*ZDVXVHG
WRUXQWKH,1*DQGWRFRQWUROWKHUHSHWLWLRQUDWHRIQHXWURQSXOVHVWR+]$VLJQDOZDVJLYHQE\,1*WRWKH
ILUVWRVFLOORVFRSH LQSXW WRFRPSDUH WKHJHQHUDWLRQ WLPHRI WKHSXOVHZLWK WKHQHXWURQGHWHFWLRQHYHQW7KHQHXWURQ
SXOVH DSSHDUDQFH ZDV FRQWUROOHG E\ D UDGLDWLRQ PRQLWRU FRQWDLQLQJ QHXWURQ PRGHUDWRU DQG D /L,(X QHXWURQ
GHWHFWRU 7KH ODWWHU ZDV FDOLEUDWHG VR WKDW D VLQJOH QHXWURQ GHWHFWRU SXOVH FRUUHVSRQGHG WR IOXHQFH HTXDO WR RQH
QHXWURQSHUFP7KHQHXWURQGHWHFWRUZDVSODFHGRQRQHD[LDOOLQHZLWKWKH,1*DWDGLVWDQFHRIP6HSDUDWLRQ
RIJDPPDUD\VSURGXFHGGXULQJDSXOVHIURPDFDSWXUHJDPPDUD\VZDVSHUIRUPHGWKURXJKȝVHYHQWUHJLVWUDWLRQ
GHOD\)LJVKRZVQXPEHURIHYHQWVLQWKHWLPHJDSRIȝV0HDVXUHPHQWVZHUHFRQGXFWHGZLWKDQGZLWKRXWWKH
XVHRIDGGLWLRQDOSRO\HWK\OHQHPRGHUDWRU&RPSDULVRQRIWKHUHVXOWVOHDGVWRWKHFRQFOXVLRQWKDWWKHXVHRIDGGLWLRQDO
PRGHUDWRUKDVYLUWXDOO\QRHIIHFWRQWKHQHXWURQGHWHFWLRQHIILFLHQF\

 
)LJ7KHVFKHPHRIWKHH[SHULPHQW )LJ1XPEHURIHYHQWVDVDIXQFWLRQRIPHDVXUHPHQWWLPH
7KHGHWHFWLRQHIILFLHQF\RI WKHîîFP1'ZDV FDOFXODWHG7KLVGHWHFWRUKDVEHHQXVHG IRU ODERUDWRU\
WHVWVRIWKHSK\VLFDOPRGHOZKLFKFRQVLVWVRIOD\HUVRIFDGPLXPDQGSRO\VW\UHQHOD\HUV7KH1'JRWDSODQH
SDUDOOHO QHXWURQ IOX[ RI  0H9 QHXWURQV 7DEOH  VKRZV WKH HIILFLHQF\ YDOXHV IRU GLIIHUHQW FDGPLXP OD\HUV
SRVLWLRQVDOWHUQDWLQJZLWKRUOD\HUVRI36



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7DEOH1HXWURQGHWHFWLRQHIILFLHQF\IRU1'ZLWKGLIIHUHQWFDGPLXPOD\HUV
1' 1HXWURQGHWHFWLRQHIILFLHQF\
1'&GOD\HUVDUHDUUDQJHGLQRQHOD\HU36 
1'&GOD\HUVDUHDUUDQJHGLQWZROD\HUV36 
1'&GOD\HUVDUHDUUDQJHGLQWKUHHOD\HUV36 
1'&GOD\HUVDUHDUUDQJHGLQIRXUOD\HUV36 

7KHWDEOHGHPRQVWUDWHVWKDWWKHGHWHFWLRQHIILFLHQF\GURSVZLWKWKHQXPEHURIFDGPLXPOD\HUVGHFUHDVHEXWLW
VHHPV IHDVLEOH WR SODFH FDGPLXP SODWHV DOWHUQDWLQJ ZLWK WZR OD\HUV RI VFLQWLOODWRU WR UHGXFH WKH ZHLJKW RI 1'
7KHGHWHFWLRQHIILFLHQF\RI WKLVPRGHO UDQJHV IURP WRZLWK D UHODWLYH HUURURI7KH ORZHIILFLHQF\
FRXOGEHGXH WRDVXEVWDQWLDOZLGWKRI WKHJDPPDUD\VHQHUJ\VSHFWUXPSURGXFHGGXULQJ WKHQȖ UHDFWLRQ6XFK
SDUWLFOHVKDYHDQHQHUJ\UDQJHIURPWR0H9)LJDOWKRXJKIRUDQHXWURQGHWHFWLRQRQO\UD\VZLWKHQHUJ\
JUHDWHUWKDQ0H9FDQEHXVHG
1HXWURQGHWHFWLRQHIILFLHQF\RIWKHH[SHULPHQWDODQGWKHFDOFXODWLRQPRGHORIWKH1'DVDIXQFWLRQRIWKHHYHQW
FROOHFWLRQWLPHLVVKRZQLQ)LJ


)LJ1HXWURQGHWHFWLRQHIILFLHQF\IXQFWLRQIRUWKH1'FRQWDLQLQJFDGPLXPOD\HUVDQGOD\HUVRI367KHGHOD\UHIHUHQFHWLPHLVȝVQR
DGGLWLRQDOPRGHUDWRU
([SHULPHQWDOGHWHFWLRQHIILFLHQF\RIWKHSURWRW\SHLVaGXULQJWKHȝVHYHQWFROOHFWLRQLQWHUYDO%DVHG
RQ WKH GDWD REWDLQHG RQH FDQ VHH WKDW WKH FDOFXODWHG HIILFLHQF\ YDOXH    LV VOLJKWO\ ODUJHU WKDQ WKH
H[SHULPHQWDOUHVXOW7KHGHSHQGHQFHWUHQGFRLQFLGHVZLWKWKHPHDVXUHGRQH7KHSXOVHGXUDWLRQDQGWKHGLVWULEXWLRQ
RIQHXWURQVLQLWZHUHQRWWDNHQLQWRDFFRXQWLQWKHFDOFXODWLRQV7KHQXPEHURIQHXWURQVLQWKHSXOVHZDVGHWHUPLQHG
E\WKHPRQLWRUUHDGLQJVRWKHUHPD\EHDQRQH[FOXGHGV\VWHPDWLFHUURU

&RQFOXVLRQV
7DNLQJLQWRDFFRXQWWKDWKLJKHQHUJ\SDUWLFOHGHWHFWRUVDQGLQSDUWLFXODUFDORULPHWHUVDUHZLGHO\XVHGLQVSDFH
H[SHULPHQWVDQGFRVPLFUDGLDWLRQPHDVXUHPHQWVLWPD\EHSUXGHQWWRXVHFRPSDFWDQGIDVWQHXWURQGHWHFWRUVDVD
SDUWRIVRPHODUJHUVSDFHLQVWUXPHQWV7KH3$0(/$H[SHULPHQWSURYHGWKDWHYHQDUHODWLYHO\VORZKHOLXPQHXWURQ
GHWHFWRUFRXOGEHDYHU\HIIHFWLYH WRROIRUKDGURQHOHFWURQGLVFULPLQDWLRQLHKLJKHQHUJ\SDUWLFOHV LGHQWLILFDWLRQ
>@7KLV LV D VLJQLILFDQW SURFHVV FRQVLGHULQJ WKDW D QXPEHU RI EDFNJURXQG VRODU SURWRQV LV E\ IDU JUHDWHU WKDQ D
QXPEHURI³XVHIXO´HYHQWV7KHUHE\VXFKPXOWLOD\HUHGGHWHFWRUFRQVWUXFWLRQPD\ILQGLWVSODFHLQWKH*$00$
JDPPDUD\WHOHVFRSHIRUHOHFWURQKDGURQUHMHFWLRQ>@ZKLFKLVVFKHGXOHGIRUODXQFKLQWKHHDUO\V

$FNQRZOHGJHPHQWV
7KH DXWKRUV WKDQN WKHLU FROOHDJXHV9DVLOL\0XNKLQ DQG*ULJRUL\'HGHQNR IRU KHOS LQ WKH SUHSDUDWLRQ RI WKLV
DUWLFOHDQGIRUKHOSZLWKVLPXODWLRQ

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